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INVESTIGATION OF TITANIUM CARBIDE BASE CERAMALS CONTATNING EITHER
NICKEL ORCOBALTEE‘QRUEEAS GAS-TURBINE BLADES

By C. A. Hoffman and A. L. Cooper

SUMMARY

The following two ceramals were investigated for use as gas-turbine
blade materials: (a) 65 percent TiC plus 20 percemt Co plus 15 per-
cent (CbTeTi)C and (b) 65 percent TiC plus 20 percent Ni plus 15 per-
cent (CbTaTi)cC. Concurrently, the effectiveness of a number of methods
of preventing ceramal-blade-root failure wee studled. Ceramal blades
were run at temperatures of 1500° to 1900° F and at speeds of 10,000
to 26,000 rpm. The epdurance characteristics of these blades were
compared with Stellite 21 and S-816 slloy blades of identical airfoll
configuration. Prior to the blade evalumstion, physical -property
evaluations of the ceramals were made.

The results of the investligation are as follows:

(a) Two TiC plus Co plus (CbTaTi)C blades ran 78 and 111 hours at
1500° to 1900° F and survived 94 and 95 percent, respectively, of s
136-blade Stellite 21 alloy ssmple. The wheel speed was 10,000 to
15,000 rpm. A TiC plus Ni plus (CbTeli)C blade ren 99 bours at 1500° F
and 25 hours at 1700° F without feilure, during which time 100 percent
each of & 10-blade Stellite 21 alloy sample and a 3-blade S-816 alloy
semple falled. The remalning 18 ceramal blades investigated ylelded
poor results as compered with thelr respectlive alloy control blades.

(b) The use of platinum, copper, or nickel plate on the base of the
ceramal blades was effective In extending biede-root life; platinum
appeared most effective.

(c) The &verage short-time tensile strengths of an 80 percemt TIC
plus 20 percent Co ceramel at 1800° and 2200° F were slightly greater
then 'those for the 65 percent TIC plus 20 percent Co plus 15 percent
(CbTaTi)C ceramsl. The use of nickel rather than cobalt in the
TiC plus (CbTaTi)C ceramsl produced significant reductions in the average’
modulus of rupture strengths at 1800°, 2000°, and 2200° F and a slight
reduction at 2400° F. The thermal-shock resistance of the TiC plus Co
ceramel was better than that of the TiC plus Co plus (CbTaTLi)C ceramal,
vhich in turn was better than that of the TIC plus Ri plus (CbTaTi)
ceramal .
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(d) The use of a solid solution of the mixed carbides of Ta, Ti,
and Cb, in the TIiC plus Co and the TiC plus Ni ceramal blades inhibited
oxida.tion during operation.

INTRODUCTION

Ceramals are currently being studled for use as gas-turbine blade
materlials. An investigation of an 80 percent titanium carbide TIC
plus 20 percent cobalt Co ceramal (reference 1) indicated that this
composition possessed potentislities as a gas-turbine blade material,
but was limlited by & susceptibility to oxidatlon and by brittleness.
The addition ofws80lld solution of the mixed carbldes of tantalum Ta ,
titanium T1 , and columbium Cb has been found to improve the oxidation
resistance of this ceremal approximately tenfold (reference 2); 1t
therefare appears that the oxldation of this ceramsl, and possibly of
other TiC base ceramals, cen be Inhlblted and that the brittle nature of
this ceramal probably is the primary obstacle l1imliting its use as a gas-
turbine blade materisal.

The obJect of this investigation was to determine the life of gas-
turbine blades made of TiIC ceramals contalning elther nickel N1 or
Co and modified by the addition of the solid solution of the mixed carbides
of titanium, tantelum, and columbium. Tt was anticlpated that these
materisls would be brittle and that stress-concentration effects in the
root and congequent failure there would result; a mmber of methods of
minimizing the possibillity of this type of fallure were therefore
investigated. The turbline speed was varied :E‘rom 10,000 to 26,000 rpm
and the blade temperature was varled, from 1500° to 1900° F. 'I'ifenty-one
ceramal blades were Investigated and compaxed. w:lth elther Stellite 21
or 8-816 alloy control blades.

Prior to the blade evaluation, the following physlcal property inves-

tigations were made: (a) the short-time tensile strengths of TiC plus Co
plus (CbTaTi)C ceramal at 180C° end 2200° F to sscertain the strength of
thls materisl as campered with the 80 percent TiIC plus 20 percent Co
ceramal, (b) the modulus-af-rupture strengths of 65 percent TiC plus

20 percent Co plus 15 percent (CbTaTi)C and 65 percent TiC plus

20 percent Ni 0glus 15 percent (CbTaPi)C ceramals at 1800, 2000°,

2200° and 2400 F to ascertain the effect upon strength of Ni and Co,

and (c) the thermal-shock resistance of 80 percent TiC plus 20 per-

cent Co, 65 percent TiC plus 20 percent Co plus 15 percent (CbTaTi}C,
and 65 percent TiC plus 20 percent Ni plus 15 percent (CbTaTi)C
ceramals. The physical test speclmens anid blades evalua.ted in this
investigation were supplied by Kennametal, Inc.

This investigation was conducted at the NACA Lewls laboratory.
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APPARATUS ARD PROCEDURE
The apperatus and procedure used in this Investigation are as
follows:
Experimental Materilals

C gltion and tion. - The nominal chemical anslyses as
repor by the supplier are as follows:

Composition| Ni Co TiC (CbTaTi)C
(percent) |(percent) j(percent) | (percent)
I 20 80
IT 20 65 15
IIT 20 65 15

All experimental bodles were inspected for both internal and extermnal
flaws by radiographic and penetrant-oill methods, respectively. In addition,
the blades were microscoplically exemined for surfece cracks about

" the root.

Blade-root and mount deslgns. - The followlng blade-root and
mounting designs for the ceramal 8 were used in thils Investigatlion:

(1) Conventional root (Hesign A, fig. 1)

(a) Copper plste 0.004, 0.008, end 0.080 inchk thick and nickel
plate 0.0025 and 0.080 inch thick; snug fit In wheel

(b) No plate, loose fit in wheel
(2) Enlarged root (design B, fig. 1)
(a) Platimm plate 0.005 or 0.0075 inch thick, snug f£it in wheel

(3) Enlarged radii, copper inserts (design C, fig. 1), copper plate
0.005 inch thick; smug fit in wheel

(4) Alloy block cast around root (design D, fig. 1) snug fit in wheel
The roots were plated electrolyticelly. The lost-wax precision-investment

casting technique wes used to cast alloy blocks around the ceramal-blade
roots in the case of design D.
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Alloy control blades. - The blades used as gtandards for cﬁmpariaon
(control blades) were fmbricated of Stellite 21 or S-816 alloys (refer-
ences 3 and 4); these alloys had the following nominal compositions:

Alloy’ c Mn 81 Cr N Mo B Fe | Co P g W Cb plus Ta
Btwllite 21|0.20-]1.00 |1.00{25.00~] 1.75~|5.00-~]0.007|{2.00|bal.
.35 |max ‘|max [29.00 | 3.75 |6.00 | max | mex
B8-816 . .52-11.00-{1.00/19.00-|19.00-}3 .50~ 5.00{40.0}0.040{0.030( 3.50- [5.50-4 .50
42 ]12.00 |max [21.00 [21..00 |4.50 mox [min | max | max | 4.50

These materlals are currently being used for service-engine blades. The
alloy blades were also radliographed to detect Internal flaws and visually
inspected for external flaws. The alloy and ceramal blades were simllar
as regards alrfoll length and configuration.

Bveluation of Physical Propertiles

Tenslle str th. - Short-time tensile-strength evaluations of the
T4C¢ plus Co plus aT1)C ceramals at 1800° and 2200° F were conducted
by use of the apparatus illustrated in figure 2. A ceramal specimen is
11Justrated in flgure 3; the test-section dlameter was 0.505 inch. A
hydraulic tensile machine (0.50 percent maximum machine error) equipped
with an asutomatic-temperature-controlled commercial silicon carbide tube
furnace was used. The furnace was provided wilth a hellum atmosphere.
Specimen temperature was measured with a platimm - platinmm-l3-percent-
rhodium thermocouple located at the center of the specimen gage length.

Bending stresses 1in the specimen were minimized by room-temperature
alinement of the specimen and the linkage. Alinement measurements were
made with electric wire strain gages mounted on the specimen at 90° radial
positions at the center of the gage length and at nominal loads of 500
and 3000 pounde per square inch. Specimen alinement was considered
satisfactory, when the bending stresses were less than 20 percent of the
aversge tensile stress. - After alinement, the specimens were raised to a
temperature of 100° F above the test temperature and soaked for 4 hours
at & nominal load of 500 pounds per square Inch. At the completion of the
soaking period, the temperature was reduced to the testing temperature.

A nominal loeding rate of 2000 pounds per square inch per minute was used.

Modulug -of -rupture evaluation. - The apparatus used in the modulus-
of-rupture evaluations 1s pictured in figure 4. The specimen was loaded
by f1lling the water recelver with weter. When specimen fallure occurred,
the water supply was shut off. The specimens were 1/4 by 1/2 by 4 inches.
Evaluations of the TIC plus Co plus (CbTaTi)C and the TIC plus Ni
plus (CbTaTi)C ceramals were conducted st 1800°, 20000, 2200° and 2400° ¥,

2515
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The specimens were supported by two silicon cerbide knife edges spaced

3.5 inches apart end loaded at the center by means of a third cpposing
knife edge. Oxldation of the specimens during evaluastion wes minimized
by placing the specimen and the knife edges 1n an argon-atmosphere

chamber mounted wilthin the furnace; argon was used at a flow rate of

40 cubic feet per minute. After the speclimen was placed in the atmosphere
chamber, 10 mimites wes allowed for the specimen to heat to the ewvaluation
temperature prior to loasding. A nominal loading rate of 2000 pounds per
square inch per mimute in the extreme outer fiber at the specimen midpoint
was used. The specimen temperature was meesured by the yse of a platlinum -
pletimm-13-percent-rhodium thermocouple. The permanent set was converted
to percentage elongation E by the use of the followlng equation:

_ z:\/(%—)z £ (82 -1

L

E X 100

where
L 1length between supporting knife edges, In.
& permanent set, in.

Thermel -shock resistance. - Thermal-shock resistance of TIC plus Co
and. TIC plus Co plus (CbIall)C, and TiC plus Ni plus (CbTeTi)C ceramals
was determined with the spparatus i1llustrated in figure 5. The specimen
was transferred from the furnace to the guenchling chamber by the use of
a spring-loaded holder (reference 5). The test consisted in heating a
disk specimen (2-in. dism. and 1/4 in. thick) for 10 minutes, then
quenching 1t in an air stream at 70° to 80° F. Testing was cerried out
at 1800°, 2000°, 2200°, and 2400° F; at each temperature, the specimen was
quenched 25 times for a cumiletive total of 100 cyeles or to feilure,
whichever occurred first. A quenching alr velocity of spproximately
265 feet per second (50 1b/min at 70° to 80° F) wes used initially. The
veloclty was then Increassed to a value of 495 feet per second
(127 1b/min at 70° to 80° F). A mumber of specimens were quenched
from 2600° ¥, with the latter alr velocity.

After the sir-thermsl-shock tests were completed, additional wmter-
thermal-shock tests were made in an effort to differentiate between the
thermal-shock resistence of the TC plus (CbTaTi)C plus Co ceramal and
the TiC plus® (CbTeTi)C plus Ni ceramsls. This test consisted in heating
a disk in a conventional muffle furnace for 10 minutes then quenching it
in agitated water at 40° to 50° F. Each specimen was quenched Pive
cycles from 1800° F end five cycles from 2000° F or until failure, whichever
occurred first. The disks used had been previously subJected to air-
thermel -shock tests.

”w
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After each ailr- or water-quenching cycle, the specimens were examined
visually for evidence of cracking. When cracking (failure) was not apparent
but suspected, the specimens were radlographically inspected.

Turbine-Blade Evaluation

Wheel modification. - The turbine wheel was altered In the following
manner to accommodate ceramal-blade root designs B to D, inclusive: A
mmber of existing dovetall slots in the wheel were completely filled
with weld material and this segment was machined to the necessary shape.
Adjacent blades were omitited to legsen the stress on thils segment of the
wheel. Blades not a part of the alloy control group were cut to about
3/4 their original length to prevéent failure and at the same time to
permit desired speeds to be reached. A typlcal wheel, prior to operation,
18 11lustrated in figure 6. The wheels were dynamically balanced .prior
to operation and thereafter, as necessary. Balancing was generally
accomplished by removal of material from nontest blades rather than from
the wheel.

Phases of blade evaluation. - The evaluation of the blades can be
divided into three phaeses; the first phase had the followlng two obJectives:

(1) Eveluation of the following methods of minimizing the possibility
of ceramal-blade root fallure:

(a) No root plate, loose fit in vheel
(b) Copper root plate, 0.080 inch thick, smug £it in wheel

(c) Rickel root plate, 0.0025 and 0.080 inch thick, snug fit in
wheel

(4) Alloy block cast around ceramal-blade root, design D (fig. 1),
smug £1t in wheel

(2) Observation of the effectiveness of (CbTeTi)C in inhibiting
blade oxidation during operation.

All bledes were of compositions I or II and were of design A (fig. 1)
except as noted previously. Two speeds, 10,000 and 15,000 rpm, were
used, and the estimated blade temperature was varied from 1500°

to 1900° F.

The second phase of the evaluation was deaigned to exsmine the
possibllity of using the ceramals in a highly stressed blade application.
The following four methods were concurrently studled as meens of pre-
venting ceramsl-blade root fallure:

(1) Copper root plate, 0.004 and 0.008 inch, snug fit in wheel

(2) Copper root shim, 0.005 inch, snug fit in wheel
L
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(3) Platimm root plate, 0.005 end 0.0075 inch, snug £it in wheel

(4) Pnlarged root radii (blade design C, fig. 1), copper plate
0.005 thick; snug £fit in wheel

Blades of compositions II and IIT were used. Blade design B
(f1ig. 1) was used except a&s noted previously. The turbine was run
at a speed of 26,000 rpm, which resulted in a simple centrifugal
stress of epproximately 20,000 pounds per square inch at the midspan of
the Stelllte 21 alloy control blades and 14,000 pounds per squaere Inch
at the midspan of the ceramsl blades (the density of the ceramal was
5.8 g/cc and the density of the alloy was 8.3 g/cc). The estimated
blade temperature was 1600° F, about 100° F higher than current blade
temperatures.

The third phase of the evaluation was designed to investigate the
poeslblllty of utlilizing e ceramsl for blades 1n moderately severe
applications. In this phase, the bturbine was run at a speed of
22,850 rpm, which resulted in a stress of 16,000 pounds per squere inch
at the mldspan of the §-816 alloy control blades and & stress cf
10,700 pounds per square Inch at the mldspan of the ceramal bledes.

(A Stellite 21 blade group was also used for purposes of comparison).
The estimated blade temperatures were 1500° and 1700° F. A blade of
composition IIT and of design B (fig. 1) was used; the blade hed =
platinum root plate of 0.0075 inch.

Turbine unit and operation. - The eveluation unit consisted of a

- turbojet combustion chamber and a small free-ruming gas turbine described

in reference 1. The gas turbine is shown In flgure 7. Blade temperature
waes Indicated by the average of four nozzle-box thermocouple readings.
The operation of the turbine is as follows.

The turblne was motored with alr for 5 mimutes to purge the piping
system of accumuleted gases. Combustlon was begun and operating conditions
were obtalned in ebout 3 mimutes. These conditlions were maintained until
blede fallure occurred; shutdowns were made overnight. When blade failure
occurred, which wag indicated by a change 1n the pltch of the sound coming
from the unlt, combustlion wes immediately stopped and the wheel speed
was qulckly reduced to minimize effects of vibration. Operating time wus
meesured from the beginmning to end of combustion. The alloy control blades
that falled were replaced by similar bledes in order +o preserve balance
copditions. Damage to blades due to blade fragments was minimized by use
of a fragment shield. This shield conslisted of thin sheet metal backed by
several thicknesses of asbestos sheet ebout the turbine (fig. 7).
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RESULTS AND DISCUSSION
Evaluation of Physical Propertiles

The results of the evaluetion of the physical properties are as
follows:

Tensile strength. - The resulis of the elevated-temperature tensile-
strength evaluations of the 65 percent TiC plus 20 percent Co plus 15 per-
cent (CbTaTi)C ceramal are shown in teble I. Figure 8 shows a com-
parison of the tengile strengths of this. ceramal and the 80 percent TiC
plus 20 percent Co ceramal of reference 6. The use of 15 percent of the
mixed cerbide solid solution of Ta, Cb, and Ti can be assoclated with
& reduction in the average tenslle strengths from 33,200 to 32,000 pounds
per square inch and from 11,050 to 8000 pounds per squsere inch at 1800°
and 2200° ¥, respectively. Modified TiC ceramal specimens contailning
nickel were not avellable and were not included in this particular
evaluation. Elongstion was not measured.

Modulus of ture. - The modulus-of-rupture strengths of the
™C plus szTaﬁ?jg cerampls containing 20 percent Co or 20 percent Ni
are shown in table II. A comparison of the modulus-of-rupture strengths
of these ceramals 1s presented in figure 9 wherein it is shown that the
20 percent nickel ceramal 1s Jower in strength than the 20 percent cobalt
ceramal at all temperatures studied. The average reductions in strength
are from 57,700 to 47 900pound.sper square inch, from 36,300 to 24,650,
from 17,900 to 9950, anﬂ from 1000 to 975 pounds per square inch for
1800°, 20000 s 2200°, and 2400° F, respectively. Apparently, the use of
nickel rather then cobalt in the TiC plus (CbTaTi)C ceramal results
in less strength. The calculated percent elongation for either material
18 negligible, as may be seen from table II.

Thermal shock. - The results of the thermal-shock evaluation of the
three ceramal compositions are presented in table IIT. Both the
TiC plus (CbTaTi)C ceramals containing either 20 percemt cobalt or
20 percent nickel survived thé 100 cycles of testing when quenched with
air at 265 feet per second. The alr veloclty was therefore increased to
495 feet per second in an effort to cause specimen fallure in order to
differentinte among the thermel-shock resistance of these materials.
In this test, three out of three 80 percent TiC plus 20 percent Co ceramal
specimens survived 100 cycles. One specimen out of three of the 65 per-
cent TiC plus 20 percent Co plus 15 percent (CbTaTi)C ceramel survived
100 cycles of-testing; the remsining two specimens of this composition
failed during the SOth and 52nd cycles. The speclmens falling at the. 52nd
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cycle was chipped insdvertedly during testing and falled es a result of
this chip. Two TMC plus Wi plus (CbTaTi)C specimens survived 100 cycles;
one specimen failed at 34 cycles. The temperature was then increassed

to 2600° F in an effort to further dlfferentiate among the thermal-shock
reslstance of these three materials. One gpecilmen of the TIC plus Co
plus (CbTaTi)C ceramal which had successfully survived 100 cycles of
testing wlth air at 495 feet per second wes subjected to an addlitional

22 cycles at 2600° F for a total of 122 cycles before fallure; some
oxldatlon occurred. One specimen of the 80 percent TiC plus 20 per-

cent Co cerama] which had been tested previocusly wlth alr at a velocity
of 495 feet per second was then tested at 2600° F. This specimen feiled
after 5 cycles at 2600° F for a total of 105 cycles. However, this
specimen suffered severe oxldation at this temperature, and the results of
this partlicular test could not be properly interpreted; hence, further
testing at this coniition was discontinued.

In order to differentiate between the thermal-shock resistence of the
TiC plus (CbTeT1i)C plus either Ni or Co, the water-thermal-shock test
was used. The water-quench test wes comparatlively free of oxldation
effects. PBpeclmens previously quenched at the lower air veloclity were
used. The results presented 1n teble ITII suggest that the ceramal
contalning cobalt has the better thermal-gshock resistance. The relatilve
thermel ~shock resistance of the three compositlons consldered, in order.
of decreasing superiority, would appeer to be (a) 80 percent TiC
plus 20 percent Co, (b) 65 percent TiC plus 20 percent Co plus 15 per--
cent (CbTaTi)C and (c) 65 percent TiC plus 20 percent Ni plus 15 percent
(CvTaTi)C.

During the alr-thermal-shock test, the oxidstion resistance of the
cersmals contailning (CbTeTi)C was cbserved to be superior to that of
the 20 percent Co plus 80 percent TIC ceramel. It has been found that
the oxidetlon reslstance of a TiIC ceramsl containing epproximately 20 per-
cent N1 is somewhat poorer in oxidetion reslstance than that of an 80 per-
cent TIC plus 20 percent Co ceramal. Hence, the use of (CbTeTi)C with
elther TiC plus Co or TIC plus NI ceramals probably results in improved
oxidsation resistance.

Turbine-Blade RBveluation

Phase 1, low-stress operetlon. - The. first phase of the blade
evaluation revealed that the use of (CbFaTi)C in the ™C plus Co ceramal
greatly Inhibiis blade oxldation during operatlon; this is In agreement
wlth the date reported in reference 2. From tables IV and V (rums 1
to 3, inclusive), 1t 1s seen that: (a) Better results were cbtained with
pleted, snug-fitted roots than with nonpleted, loose-fitted roots,

(b) copper plate was more effective than nickel plate in preventing
ceramal-blade-root failure, (c) the alloy block cast sbout the ceramal-blade
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root waes somewhat effective In prevent root fallure but probably not
so effective as the copper plate, and (d) blade design A (fig. 1) was
inadequate for the low-stress high-temperature operatiom.

The loosely fitted blades were Investigated on the premise that the
majJor cause of root failure is vibratory stress and that these stresses
could be lessened, if the blade were permitted to pivot in the dovetail
slot rather than be rigldly held. The results indicate, however, that
high local stresses caused by surface imperfections or poor f£it of the
blade in the wheel, or both, are more likely to cause blade fallure,
and that a blanket of a ductile material between the blade and wheel
redigtributes high local stresses.

Root deslgn D, illustrated in figure 1, was Investiganted on the
assumption that an alloy block cast ebout a ceramal blade root would
fuse to the blade, and an intimate contact, which would be maintained,
would result. A metallographic study of the alloy-ceramal interface
(fig. 10) revealed that the ceramal and S-816 alloy block did not fuse.
This presented the possibllity that elther plastic deformation or
differential expansion would occur, upset the contact, and result in
high local stresses. A falled blade (25.3 hr of operation) of this
design 48 shown In figure 11. Because the coefficlent of expansion of
the 8-816 alloy used is sbout 60 percent greater than that of the ceramal
material, 1t is likely that thermal stresses were introduced into the root
and hastened the fallure of these blades.

Two blades, used in run 2, were run 78 and 111 hours at temperatures
of 1500° to 1900° P end at speeds of 10,000 to 15,000 rpm. After 78 hours
94 percent and after 111 hours 95 percent of the 136 Stellite 21 blades
had failed. These ceramal blades experienced negligible oxidation.

Phage 2, severe-gtress operation. - The results of this phase of the
evaluation may be obtained from a study of rums 4 to 9 inclusive, tables IV
and V. With the exception of one blade which was destroyed as a result
of a wheel-rim failure, all ceramel bledes failed at the neck-roll Junction.
The results are not conclusive regarding optimm root-plate thickness.
Platinum is the most desirable mesterial inasmuch as 1t deteriorated less.
The two blade designs, B and C, and the various root plates investigated
were not satisfactory for this severe-stress operation. Platinum plate
over 0.008 inch thick was Impractlicable to obtaln, and because the objJect
was to compare copper and platinum on an egual-~thickness basis, the copper
plate was limited to 0.008 inch. The blade of design C, TiC plus Ni
plus (CbTaTi)C, ran for 2.8 hours; fallure occurred in the root above
the neck-~roll Junction as i1llustrated in figure 12. It is thus indicated
that this arrangement did relieve stress-concentration at the neck-roll
Junction but caused another part of the root to become eritical. Further
investigation of thils epproach is apparently indicated. The use of
0.005~1nch-thick copper shim was investigated es a convenient and
expeditious method; this method was found not to be very promising.

2515
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Phage 3, moderate-stress operation. - The results of this phase aof
the investigation are presented in tables IV and V (run 10). The
TiC plue Ni plus (CbTaTi)C ceramal blade performed very well; it outlasted
a 10-blade Stellite 21 alloy sample and a 3-blade S-816 alloy sample.
At the end of 124 hours of operation, 99 hours were at 1500° F and 25 hours
were at 1700° ¥, the ceramal blade was still Intect, although nicked and
gouged. (Pig. 13 s. During this time of operation, the ceramal blade was
only slightly oxidized.

CONCLUDING REMARKS

The results indliceate that both the 65 percent TiC plus 20 percent
Co plus 15 percent (CbTaTl)C and 65 percent TiC plus 20 percent Ki
plus 15 percent (CbTaTi)C cerasmsls should certainly be considered
further for gas-turbine-blade ugse. The oxidation resistance of elther
of these materials eppears to be adequate for practlcsel blade application.

Further work 1s required on the blade root design and mounting
method.

SUMMARY OF RESULTS

An Investigation of the turbine blade 1ife and of some of the physical
properties of titanlum carbide base ceramals containing either nickel
or cobalt and with or without the addition of a solid solution of the
mixed cerbides of columbium, titanium, and tentalum ylelded the following
results.

1. Two TIC plus Co plus (CbTaTi)C blades ran 78 and 111 hours
and survived 94 and 95 percent, respectively, of g 136-blade Stellilte 21
alloy sample at temperatures of 1500° and 1900° F. The wheel speed was
10,000 to 15,000 rpm A third blade, TiC plus Ni plus (CbTaTi)C ran
99 hours at 1500° F and 25 hours at 1700° F without faillure; during this
time, 100 percent each of & 10-blade Stelllte 21 alloy se.mple and of a
3-blade S-816 alloy sample falled. The remaining 18 ceramal blades
Investlgated ylelded poor resulis, compared with thelr respective alloy
conbtrol blades.

2. 'The use of platinum, copper, or nickel plate on the base of the
ceramal bledes was effectlve In extending blade root life; pleatinmum
appeared most effective.

3. The average short-time tenslle ptrengths of the 80 percent TC

plus 20 percent Co ceramsl st 1800° and 2200° F were 33,200 and
11,050 pounds per squere inch, respectively, while the short-time tensile
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ptrengths for a 65 percent TiC plus 20 percent Co plus 15 percent
(CbTaTi)C ceramal were 32,000 ahd 800Q pounds per square inch,
respectively. The use of nickel rather than cobalt in the TiC

plus (CbTaTi)C ceramal reduced tge average modulus-of-rupture strengths

at 1800°, 2000°, 2200°, and 2400

F from 57,700 to 47,800 pounds per

square inch, from 36,300 to 24,650 pounds per square inch, from 17,900
to 9950 pounds per square inch, and from 1000 to 975 pounds per square
inch, respectively. The. thermal-shock resistance of the TiC plus Co
ceramal was better than that of the TiC plus Co plus (CbTeTi)C ceramsl,
which in turn was better than that of the TiC plus Ni plus (CbTaTi)C
ceramal.

4. The use of a solid solution of the mixed carbides of Ta, Ti,

and Cb in the TiC plus Co and TiC plus Ni ceramsls inhiblted oxidation
during operation. ) ) ) .

Lewls Flight Propulsion Iseboratory

National Advisory Commlttee for Aeronsutlics
Clevelend, Ohio .
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TABIE I - TENSIIE STRENGTH OF 65 PERCENT TiC PLUS 20 PERCERT Co

PLUS 15 PERCENT (CbTaTi)C CERAMAL

[I.oa.ding rate, 2000 1b /‘m—il

Specimen Soak Tensile strength
Time |Temperature | (10/sq 1n.) at
(er)| (OF) 1800° F|2000° F
1 4 1900 30,100
2 4 1900 32,000
5 4 1900 33,800
4 4 2300 1800
S 4 2300 8200
SR
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TABLE II - MOINIUS OF RUPTURE OF MODIFIED TiC BASE CERAMALS TESTED ON 3.5-IRCH SPAN

AND IOADED AT 2000 POURDS PER SQUARE INCH PER MINUTE

Specimen |Measured Modulus of rupture Permanent|Calculated
density (ib/sq in.) at set plastic
(g/cu cm) {(in.}) |elongation
(percent)
1800° ¥|2000°.F|2200° ¥ [2400° F
65 percept TiC plus 20 percent Ca plus 15 percent (CbTeTi)C
3 59,200 0.020 0.009
7 5.99 55,800 .020 .007
8 6.00 58,150 .019 .006
9 6.13 35,850 040 .026
10 35,400 .a30 .015
11 37,700 043 030
12 18,750 .055 .049
13 17,703 .067 .073
14 17,300 .070 .080
15 1050 .016 004
18 1000 .004 .001
17 1000 .005 001
65 percent TiC plus 20 percent Ni plus 15 percent (CbTaTi)C
18 5.77 46,350 0.016 0.004
19 5.75 47,700 .016 .004
20 49,700 .024 .010
21 24,200 .018 .005
22 24,200 .015 .004
23 25,500 .018 .008
24 9,150 .026 011
25 10,100 .024 .010
26 10,600 .023 .008
27 1000 .028 013
28 950 .015 .004

q1s2
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TABLE ITT - THERMAL-SHOCK RESULTS ON TiC AND MODIFIED

TIC BASE CERAMALS

[Specimen Alr quench [Total | Water quench
Number of cycles completed mnonl;.er er of cycles completed
Quenched from °F by air cycles | Quenched from °F into
at velocity of 40° to 45° F water
495 ft/sec .
(e)
1800° F[2000° F[2200° F[2400° F 1800° ¥ | 2000° F
65 percent TiC plus 20 percent Co plus 15 percent (CbTaTi)C
b2g 25 25 25 25 100 5 1
bzo 25 25 25 25 100 5 -
Gz 25 25 2 - 52 - -
32 25 25 -- - 50 - -
dzz 25 25 25 25 100 - -
80 percent TIC plus 20 percent Co

€34 25 25 25 25 100 - -
35 25 25 25 25 100 - -
36 25 25 25 25 100 - -
65 percent TiC plus 20 percent N1 plus 15 percent (CbTaTi)C

b37 25 25 25 25 | 100 . 1 -
38 25 9 - - 34 - -
39 25 25 25 25 100 - -
40 25 25 25 25 100 - -

8Except where noted. !@

bQ,uenched with air at velocity of 265 ft/sec.

CThis specimen was blown out of holder and chipped; crack originated from chip.
dTventy-two additional cycles at 2600° F.
ePive additional cycles at 2600° P; heavily oxidized.



TABLE IV - SUMNARY OF TURBINE-BLADE EVALUATION

Operaticnal data Ceramml blade data Alloy blade data
Ron | Mexd s |Maximom | Total | Root Mounting Rusber [(Jmition Nuxber of Alloy blades
speed | blads |tims |desipgn of of alloy blades | failed at
(rem) |tempera- (br) ceramel| ceramal failure of
ture blades last ceramal
(°r) blads
(a) (v) (e) (percent)
Fhase 1
1 | 12,600 | 1900 L.72] A Hlckel, 0,0025 in, B I 156 >
2 | 15,000 1800 [111.0 | A |No piste, loosa fit 2 i 156 85
Cu plate, 0.080 In. soug Tit| 2
M plate, 0,080 in. smg £it| 2
5 | 15,000 [ 1800 2.3 [ D : 2 I, II 21 57
i Fhase 2
4 | 28,000 | 1600 5.26| B [Cu plate, 0.004 in, 1 i 20 0
5 | 25,000 | 1800 2.90| B [Cu plate, 0.008 in. 1 Ix 20 0
8 | 28,000 1800 19.25| B Pt plate, 0.0075 1a. 1 -IT 20 80
7 | 22,500 | 1800 5.28| B [Pt plate, 0.006 in. 1 T 20 0
] 19, 1800 1.32| B Cu shim, 0.005 in. 1 III 20 0
9| 28, 16800 2.85| ¢C Cu piate, 0.005 iu., plus 1 Ix 2Q 0
inserts at neck-rall
Juotion radil
FPhase 3
10 | 22,8501 1700 124.,72) B Pt plate, 0.0075 in. 1 III 10 Stellite 21 100
: 3 3-.818 100
(4)

%Sea fig. 1 for variocus root desigre.

Dgee page 2 far carresponding compositions.

CAlloy bledas of Stellite 21 «lloy unless otherwise indicated
Ceramal blade still imtact after failure of all alloy blades.

s18e
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TABLE V - TABULATION OF TURBIRE-BLADE OPFRATION DATA

l'__I‘ime to individual alloy-blade failures has been mitted.:.l

17

Time [Cumula- {Estimated| Wheel Alloy { Ceramal Remarks
(br) | tive blade speed |samples semples
time temper- | (rpm) [falled | Palled
(br) ature (per- | (per-
(°F) cent) | cent)

Run 1l: Number of alloy control blades, 1563 nmumber of ceramal blades, 6;
eeramal blade, design A, modifled TIC plus Coj; ceramal-blade root
plate, 0.0025-1inch nickel.

0.95| 0,95 1500 10,000 0 o]
S50 1.45 1600 10,000 (4] o
«50f 1.95 1700 10,000 0 o
50| 2.45 1800 ° |10,000 o o
50| 2.95 1850 10,000 Q 0
S50} 3.45 1500 10,000 o . 17 Ceramal falled at neck-roll
Junction.
1.17| 4.72 1800 12,500| 25 100 Ceramels falled at neck-roll
Junction., Vibration due to
large mmber of blade Pallures
may have infuced additional
fallures.

Run 2: Number of alloy control blades, 136; mumber of ceramal blades, 6;
ceramal blade, deslgn A; modified TIC plus Co; ceramal-blade root
plate: (1) 2 No plate, loose fit

(2) 2 0.080~inch Ni plete, snug fit
(3) 2 0.080-1inch Cu plate, snug fit
0.77} 0.77 1500 10,000 0 o
.80 1.27 1600 10,000 o 0
50| 1.77 1700 10,000 o (o]
.50 2.27 1800 10,000 o] 17 Type (1), ceramal blade failed.
.65 2.92 1850 . 10,000 o] 17
50| 3.42 19800 10,000 o 17
2.00| G5.42 1900 12,500 o] 33 Type (1), ceramal blede falled.
.51] 5.93 1900 15,000 o 50 Type (2), ceramal blade failei,
10.49] 16.42 1900 15,000 6 67 Type (2), ceramal blale failed.
61.76| 78.18 1300 15,000] 94 B84 Type (3), ceramal blaje failed.
32.82{111.00 1900 15,000 95 100 Type (3), ceramel blade failed.

Run 3: Number of alloy control blades, 21; number of ceramal blades, 2;
ceramal blade, 3Jesign D, plain and modified TIC plus Co blades.

0.10f 0,10 1300 15,000 (8] 50 Ceramal falled at top of root
casting.

25.,20f 25.30 1900 15,000 57 100 Ceramal falled at tcp of root
caating

~RA
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TABLE V - Conbtinued. TABULATION OF TURRINE-BLADE OPERATION DATA

['I‘ime to individual alloy-blede failures has been omitted]

Time [Cumula- |Estimated| Wheel | Alloy |Ceramal Remarks
(br) | tive blade speed |gamples | samples

time | temper- | (rpm)|failed |failed
(br) ature (per- |(per-
(°F) cent) |[cent) ‘

Run 4: Number of alloy control blades, 20; mumber of ceramal blades, 1;
ceramal hlade, design B, modified TiC plus Co; ceramal-blade
root plate, 0.004-inch copper.

0.33} 0.33 1600 15,000| ©
A7 50 1600 16,750 O
17 .87 1600 18,000 ©
.17 .84 1600 19,500 ©
A7) 1.0L 1600 20,750 ©
171 1.18 1600 21,750 ©
171 1.35 1600 23,000f O
A7} 1.52 16800 24,000 O
JA711.79 1600 25,000 o©
3.47| 5.26 1600 26,0001 O 100 Wheel dovetall slot failed,
allowing ceramal blade to
pull out and become destroyed

Run 5: Number of alloy control blades, 20; number of ceramal blsdes, 1;
ceramal blade, design B, modified TIC plus Co; ceramal-blade
root plate, 0.008-inch copper.

0.25} 0.25 1600 15,000} ©
A7) .42 1600 16,750 ©
JA7| .59 1600 18,000 O
JA7( .78 1600 |19,500{ O
A7) .93 1600 20,750| ©
17| 1.10 1600 21,750f ©
A7) 1.27 1600 23,000{ ©
A7) 1.44 1600 .{24,000| o©
A7] 1.61 1600 25,000 ©
1.29 ] 2.90 1600 28,000 o© 100 Ceramal failed at neck-roll
Junction

SNACA
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TABLE V - Continued.

19

TABULATION OF TURBINE-BLADE OPERATION DATA

[Time to individual alloy-blade fallures hes been omitted.J

ceramal blade design B, modifled TIC plus Co; ceramal-blade root

Tine [Cumils- [Estimated| Wheel| Allioy |Ceramal Remarks
(hr) | tive blede speed |gamples| samples
time | tempep- | (rpm)|failed |failead
(br) ature (per- | (per-
(°F) cent) |[cent)
Run 6: Number of alloy control bledes, 20; mmber of ceramal blades, 1;

plate, 0.0075-inch platinum

ceramal blade, design B,

0.42| 0.42 1800 15,000 © o
17 .59 1800 16,750 O o
.17 .78 1600 18,000(. © 0
17 .93 1800 18,500 © 0
A7} 1.10 1600 20,750} © 0
7] 1.27 1600 21,701 O o
A7) 1.44 1600 23,000 O 0
JA7| 1.61 1s00 24,000 O 0
A7) 1.78 1800 25,0001 O 0

17.47}19.25 1600 26,000} 60 100 Ceramal blade.failled at neck-

root Junction.
Run 7: Number of alloy control blades, BO; mumber of ceramal blades, 1;

modified TIC plus Co; ceramal-blade root

ceramal blade, design B,

plate, 0.005-inch platimm.
0.25| 0.25 1600 15,000 O o
A7) .42 1600 i6,750] 0O 0
171 .59 1600 18,000 © o]
7). .76 1800 19,500 O 0
A7F .93 1600 20,750( O 0
17| 1.10 1800 21,750f O o]
4.16] 5.26 1600 22,500 © 100 Ceramal blade falled at neck-
roll Junction.
Run 8: Number of alloy control bledes, 20; nunber of ceramal blades, 1;

modified TIC plus Ri; ceramal-blade root
covered with 0.005-inch copper shim.

0.53] 0.53 1600 15,000 © o
A7) .70 1600 16,750 O 0
171 .87 1600 18,0001 O o
.25] 1.12 1600 . | 19,500 O 100 Ceramal blade falled at neck-
roll Junction.

. A
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TABLE V - Concluded. TABULATION OF TURBINE-BLADE OPERATION DATA

[I‘:lme to individual alloy-blade fallures has been omittedJ

Tine |Cuumla- {Fatimated | Wheel | Alloy | Ceramal Remarks
(br)| tive blade speed [samples| samples
time temper- | (rpm) |[falled | failed
(kr).. | ature (per-_ | (per-
(°F) cent) |cent)

Run 9: Number of alloy contiol blades, 20; number of ceramal blades, 1;
ceramal blade, desigh C, midified TIC plus Ni; ceramal-blade roat
plate, 0.005-inch copper. o :

0.33] 0.33 1600 15,000f © o)
17 .50 1600 16,750] © ¢]
.33 .83 1600 18,000 O 0
.25] 1.08 1600 19,500 O© o]
17| 1.25 1600 20,7501 O© 0
Q7] 1.42 1600. 21,750} © 0
17| 1.59 18600 23,000 © 0
171 1.76 1600. |24,000] O (o]
17| 1.93 1600.. |25,000f O (0]
92| 2.85 1600 26,0001 © 100 ... [Ceramal blade falled in neck-
roll Jjunction

Run 10: Number of alloy control blades, 20 Stellite 21 and 3 S-816; num-
ber aof ceramal blades, 1; ceramal blede, design B, modified TIC
plus Ni; ceramml-blade root plate, 0.0075-inch platinum.

Time|Cumla-| Eetimated| Wheel| Alloy samples |Cersmal] Remarks
(br){ tive blade speed falled sample
time temper- | (rpm) (percent) falled
(nr) ature (per-
(QF) Stelllte 21]S-8186 cent)
gg9.18 99.18] 1500 22,850 20 0 0
25.54} 124.72 1700 22,850 100 100 0 Ceramal blade intact
after operation

W

14274



Figure 1, - Types of blads deslgn used in investlgation. ,
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Pigure 3. - Ceramal tenslle-test specimen showing installation of strain gages.

S - ¢~ v 0 i, o, Uit - W

- T C.27391



24 Y NACA RM E52HO5

Counterbalanced lever aim

S1S2

Watexr contxal |
valve

Watex
receiver —}-

Cp- 1854

Figure 4. - Modulus-of-rupture evaluation apparatus.
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Camposition
(percent by welght)

80 TC + 20 Co (reference 7)

65 TIC + 20 Co + 15 (Cb Ta T1)C
8900
(b) Temperature, 2200° F..
cerepal by addition of
of (Cb Ta Ti)C solii solution on shori-time
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(a) Temperature, 1800° F.
e 8, - Effect of modifying TiC plus Co

15 percent by welght

tensile strength.

30—
25
20
15
10}—
o
Flgur

*ut be/qL ‘q3Buea}s STISUSL



avly

NACA RM ESZHOS " ialp

so,oooc - T
d . W
Composition
<>\ : (percent by
54,000 veight)
) O 65 TIC + 20 Co + 15 (Cb Ta Ti)C.
. O 65 TiC + 20 Ni + 15 (Cb Ta Ti)C
\
1] \
48,000 [

\ b
36,000

30,000 \

24,000

I;:d:ﬂns-ot-r@'b\n'e strength, 1b/sq in.

A d

o 1N
o NN
- N

Temperature, °F

Flgure 9. =« Modulus-of-rupture strengths of modified
TiC base ceramals,
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Figure 1l.
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- Failed ceramal blade with ocast around root.
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Figure 12, ~ Failed ceramal blads with enlarged radii and ocopper insert. Note that

failure ocourred above neck-roll Jjumotion,
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